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ARTICLE INFO ABSTRACT

Keywords: When studying the transport of molecules across biological membranes, intrinsic membrane permeability (Py) is
Intrinsic membrane permeability more informative than apparent permeability (Papp), because it eliminates external (setup-specific) factors,
Caco-2, MDCK

provides consistency across experiments and mechanistic insight. It is thus an important building block for
modeling the total permeability in any given scenario. However, extracting Py is often difficult, if not impossible,
when the membrane is not the dominant transport resistance. In this work, we set out to analyze P,y values
measured with Caco-2/MDCK cell monolayers of 69 literature references. We checked the Py, values for a total
of 318 different compounds for the extractability of Py, considering possible limitations by aqueous boundary
layers, paracellular transport, recovery issues, active transport, a possible proton flux limitation, and sink con-
ditions. Overall, we were able to extract 77 reliable P values, which corresponds to about one quarter of the total
compounds analyzed, while about half were limited by the diffusion through the aqueous layers. Compared to an
existing data set of Py values published by Avdeef, our approach resulted in a much higher exclusion of com-
pounds. This is a consequence of stricter compound- and reference-specific exclusion criteria, but also because
we considered possible concentration-shift effects due to different pH values in the aqueous layers, an effect only
recently described in literature. We thus provide a consistent and reliable set of Py, e.g. as a basis for future
modeling.

Aqueous boundary layer
Concentration-shift

however, will not be determined by the actual membrane permeability,
but will be limited by the diffusion through the ABL (Avdeef and Tam,
2010). Papp values measured in vitro can thus not be extrapolated 1 to 1

1. Introduction

Transwell experiments with human colorectal adenocarcinoma

(Caco-2) or Madin-Darby canine kidney (MDCK) cells are the gold
standard for measuring in vitro permeabilities governing intestinal ab-
sorption of chemicals (Hubatsch et al., 2007). In these assays, the
chemical crosses a cell monolayer grown on a permeable filter support,
as well as the adjacent aqueous boundary layers (ABL; alternative:
unstirred water layer, UWL). Two parallel permeation pathways across
the cell monolayer need to be considered: (i) the paracellular pathway
through tiny pores between the cells, and (ii) the transcellular pathway,
where the chemical permeates the apical membrane, the cytosol, and the
basolateral membrane (Bittermann and Goss, 2017). The paracellular
pathway will dominate the passive permeation of strongly hydrophilic
compounds such as ions, while the transcellular pathway will dominate
for hydrophobic compounds (Artursson et al., 2012). The measured
apparent permeability (Papp) for many hydrophobic compounds,
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to in vivo, because both paracellular transport and the thickness of the
ABL in vitro differ from in vivo (Avdeef et al., 2004). The same is true
among experimental in vitro setups, and consequently the assays show
high lab-to-lab variability (Lee et al., 2017). To extrapolate permeabil-
ities in vitro to in vivo, or just to explain differences between different
labs, it is necessary to introduce the intrinsic membrane permeability Py.
Py is defined here as the permeability of the neutral species across a
single membrane barrier. In almost all cases, ionic permeability of
ionizable compounds is insignificant (Ebert et al., 2018; Schwobel et al.,
2020), thus for the total membrane permeability (P.,) applies:

Pm:PO*f;z (l)

where, f;, is the neutral fraction of the compound. Knowing the intrinsic
permeability, total cell monolayer permeability can be reconstructed
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from scratch. It allows modeling different scenarios, such as different
ABL sizes and different experimental pH values.

There are many pitfalls in the determination of Py. We discern be-
tween two major categories of problems that might lead to incorrect Py:
(i) An incorrect determination of P,p,, thus making a correct extraction
of P impossible; (ii) A correct determination of P,pp, but incorrect
extraction of Py.

There are many reasons that might lead to incorrect experimental
Papp (Hubatsch et al., 2007), the major ones being leaky cell monolayers,
measurements under non-sink conditions, and recovery issues (Heikki-
nen et al., 2009). These issues have been addressed in the past: cell
monolayers are usually tested for leakiness (e.g. using Lucifer Yellow,
mannitol or TEER) and leaky monolayers are discarded. Most experi-
menters comply with sink conditions, using smaller time steps and
complete media exchange (Dahley et al., 2023; Neuhoff et al., 2003), or
simply recalculate Py, for non-sink conditions (Von Richter et al., 2009;
Wohnsland and Faller, 2001). Note that these corrections are not valid if
a pH difference is applied across the monolayer, then a more sophisti-
cated equation needs to be used for acids and bases (Avdeef, 2012). At
the end of the experiment, usually a mass balance is done to check for
recovery issues. Especially extremely hydrophobic compounds show a
poor mass balance. The compound may adsorb to the experimental
setup, or is retained within the cell, e.g. bound to lipid or proteins, or
may be metabolized.

According to Neuhoff (2005), Pap, can be corrected for recovery as
follows:

Py x 100

2
Recovery 2

P app,corrected —

But even with correctly determined P, an extraction of incorrect Py
is likely. Between a minimal P,p, dominated by paracellular transport,
and a maximum P, dominated by the ABL, only a small permeability-
window remains where Py, is dominated by P, allowing the extraction
of Py, see Fig. 1. Outside this range, it is not possible to extract Py, only a
maximum or minimum value.

However, it is not always easy to assess which sub-process dominates
a measured P,pp value. Paracellular transport is not only compound
specific, but also depends on the cell line and the experimental setup
(Avdeef, 2010). The size of the ABL is setup specific, and depends on the
applied shaking or stirring speed (Adson et al., 1995; Karlsson and
Artursson, 1991; Korjamo et al., 2008). For ionizable compounds, it is
sometimes possible to target the Pp,-dominated range by adapting the
experimental pH: one uses the fact that permeation through the ABL
remains the same with decreasing neutral fraction, but permeation
through the membrane decreases (assuming that only the neutral frac-
tion is permeable). This way, the resistance of the membrane can be
increased relative to the ABL, and, ideally, membrane permeation
dominates, which then allows an extraction of the Py value. In this

tpara

Prall
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Fig. 1. Depiction of the small range of P, (unit cm/s) dominated by Pp, that
allows for the extraction of Py in typical permeability studies with Caco-2 or
MDCK cell monolayers.
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regard, a well-known method is the pK,-flux method, which, however,
may lead to errors if a pH difference is applied across the cell monolayer,
due to resulting concentration-shift effects in the aqueous layers (Dah-
ley et al., 2023). These concentration-shift effects may increase (or
decrease) the resistance of the aqueous layers, and if not considered, can
lead to a severe underestimation of Py for hydrophobic compounds
(Dahley et al., 2023). These recent findings make a re-evaluation of the
published literature desirable in terms of P¢ values extracted from Papp,
since ABL-limitations might have been overlooked.

Also active transport may lead to incorrect Py if overlooked: if Pg;pb is
affected by active efflux in the apical membrane, the extracted P will be
underestimated; in case of active influx, Py will be overestimated. In
principle, a method (Avdeef, 2012) exists to calculate out the effect of
active transport by taking the mean of the Py, values in both directions
(apical to basolateral and vice versa), but it is only valid in very specific
circumstances, as we will show below. Ideally, to extract Py, an inhibitor
is used in the experiment and the transport is checked in both directions
(apical to basolateral and vice versa) or active transport is saturated by
increased compound concentrations. But such high concentrations used
to avoid active transport pose another potential problem: a limitation by
proton transport might lead to pH gradients within the ABL adjacent to
the monolayer, a problem which has been extensively discussed in
biophysics with black lipid membranes (Antonenko et al., 1993; Pohl
et al., 1997) but which has to our knowledge not been checked for
transport experiments with cellular monolayers so far.

An additional problem when extracting Py is the handling of zwit-
terions: For zwitterions, it is usually assumed that only the permeability
of all net zero charge compounds is measured (Tam et al., 2010). Our
hypothesis is that only the neutral fraction, not the zwitterionic fraction
can permeate the membrane. This is not a new idea, it has already been
stated in Bermejo et al. (2004) that for fluoroquinolones the neutral
species dominates membrane permeability. Still, in most cases literature
data are evaluated as if the net zero charge species is identical to the
neutral species, even in the classical textbook of Avdeef (2012). Zwit-
terions will thus be considered in a separate publication, as they would
go beyond the scope of this work, and are excluded here from
re-evaluation.

In this work, we will take a closer look at a multitude of published
Caco-2 and MDCK Py, values, and try to extract reliable intrinsic
permeability values. To exclude ABL effects and influence of para-
cellular transport, we will determine individual ABL sizes and factors for
paracellular transport of the respective references. The possible influ-
ence of measurements under non-sink conditions, low recovery, or po-
tential pH gradients within the ABL are discussed as well. In the end, we
will revise and extend the list of neutral Py values published in the
classical textbook of Avdeef (2012, Table 8.6).

2. Methods
2.1. Theory

For the permeation across a cell monolayer, we consider several re-
sistances in series: the aqueous boundary layer on the apical side, the
resistance of the cell monolayer, the resistance of the filter, and the
resistance of the aqueous boundary layer on the basolateral side. The
permeation through the cell monolayer consists of two parallel diffusion
paths, the transcellular pathway (two membranes and the cytosol) and
the paracellular pathway. To extract the intrinsic neutral membrane
permeability Py from measured apparent permeabilities, the following
equation describing the apparent permeability P,,, in apical to baso-
lateral direction was used (Dahley et al., 2023):

b — : @)
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where, Paprp and Papp, are the permeability through the unstirred
water layer adjacent to the cell monolayer on the basolateral and apical
side respectively, Pgjer is the permeability through the filter, Pyqps is the
transcellular permeability, and Ppar, is the paracellular permeability.
Details on the calculation of the single parameters can be found in
Dahley et al. (2023).

The concentration-shift factor Si3 |, arises for ionizable compounds
if a pH difference is applied across the cell monolayer and is described
by:

(Pirans + Ppara)

Sfx;lf,b = ( Prbrin: T Pmm) 4

trans

With the transcellular permeabilities being:

1
—b _
P = ©
Jna*Po¥24 %*p‘.v, Ina*Po
—a _f;l,b 1—b
men: 7f_ * P;mn: (6)
na

where, fj 5, fy b and f;, ¢yt are the respective neutral fractions in the apical
and basolateral compartment and in the cytosol. Py is the permeability
through the cytosol, Py is the intrinsic neutral membrane permeability.
The factor 24 accounts for the increased permeation area due to
microvilli on the apical side (Palay and Karlin, 1959). This factor of 24 is
subject to uncertainties, lower values have been reported for MDCK cells
(Butor and Davoust, 1992). Also, the microvilli in Caco-2 cells and
MDCK cells exhibit differences in their packing density and spatial
arrangement (Meng et al., 2017). For simplicity, we use the factor of 24
in our evaluation for both cell types. This might underestimate the
resistance of the apical membrane, and thus extracted Py, might be
underestimated by less than a factor of 2.

SiGv, is best explained by its extremes: (i) it will simply be 1 in
absence of a pH difference, and if P,5;» dominates permeation, because
both charged and neutral species permeate by the paracellular pathway
and diffuse through the ABL. (ii) If the transcellular permeation domi-

nates, the factor will be :—b This is a consequence of only the neutral

species permeating the cell membrane, while both charged and neutral
species permeate the ABL. When the concentration gradient across the
membrane is determined by the neutral species only, the neutral con-
centration adjacent to the membrane on the basolateral side directly
depends on the neutral concentration on the apical side. For very high
membrane permeabilities (as compared to ABL permeabilities), the
neutral concentrations adjacent to the monolayer are almost identical.
Yet, the total concentrations differ due to the difference in ionic frac-
tionation as a consequence of the pH difference. The concentration
gradient across the ABL is thus changed accordingly.

Often, both the paracellular and transcellular route contribute to the
concentration-shift effect, and Siz?, needs to be calculated according
to Eq. (4). The concentration-shift can either be positive, increasing the
total compound concentration, or negative, decreasing the total com-
pound concentration.

2.2. Calculation of fractions

To extract a compound’s intrinsic neutral permeability, the neutral
fractions at the experimental pH need to be known. For monoprotic
acids and bases, Henderson-Hasselbalch was used to determine the
fraction of the neutral and ionic species from the pK,. For multiprotic
compounds, the fractions were calculated as described in Escher et al.
(2020). If available, experimental pK, values were preferred, otherwise
values were predicted using ACD/pK, GALAS from ACD percepta (2020
release) and JChem for Excel (JChem for Office 20.2.0.589, 2020). All
compounds where the strongest basic pK, exceeded the strongest acidic
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pK, were categorized as zwitterions and not further evaluated here.
Permanently charged compounds for which no neutral species exists
were also not included in the evaluation. The experimental pK, values
from literature and predicted pK, values used can be found in Table S2-1
in Supporting Material 2.

To calculate the fractions within the cell cytosol, the pH in the
cytosol (pHcy) was approximated from the pH in the apical compart-
ment (pH,) as described in Dahley et al. (2023):

pH,y, = 07027 % pH, + 2.4854 %)

2.3. Extraction of Py from literature

Ideally, P, values from literature were directly read from tables, or
if not stated, read from graphs using the software Webplotdigitizer
(Rohatgi, 2022). We decided against using mean values of P,pp from
different references for evaluation, because some Py, values for a spe-
cific compound might be limited by the ABL, paracellular transport or
active transport in one setup, but limited by membrane permeability in
another setup (different pH, smaller ABL size, inhibitor, tighter junc-
tions). Values measured with inhibitor were always preferred if several
values were stated. If flux was measured in both directions, P,ppinato b
direction was used for the extraction of Py, but only if the efflux ratio was
below 1.5. If only data showing active efflux was available to evaluate a
compound, the P,y in b to a direction was considered as well, but only
in so far as to provide a maximum value to compare with the dataset of
Avdeef (2012). We evaluated data from 59 different references (Agar-
wal et al. (2007), Alsenz and Haenel (2003), Artursson and Karlsson
(1991), Aungst et al. (2000), Bednarczyk (2021), Bermejo et al. (2004),
Bhardwaj et al. (2005), Bokulic et al. (2022), Braun et al. (2000),
Camenisch et al. (1998), Crowe (2002), Dahley et al. (2023), De Souza
et al. (2009), Desmeules et al. (2008), Furubayashi et al. (2020), Gan
et al. (1998), Garberg et al. (2005), Hayeshi et al. (2006), Irvine et al.
(1999), Karlsson et al. (1999), Karlsson and Artursson (1991), Katra-
gadda et al. (2008), Korjamo et al. (2008), Lee et al. (2005), Lentz et al.
(2000a, 2000b), Liang et al. (2000), Mahar Doan et al. (2002), Maier--
Salamon et al. (2006), Nagahara et al. (2004), Neuhoff et al. (2007,
2005, 2003), Obradovic et al. (2007), Pade and Stavchansky (1997),
Polli et al. (2001), Potter et al. (2015), Psimadas et al. (2012), Raeissi
et al. (2010), Robertson et al. (2005), Rodriguez-Ibanez et al. (2006),
Ruiz-Garcia et al. (2002), Schrickx and Fink-Gremmels (2007), Skolnik
et al. (2010), Sohlenius-Sternbeck and Terelius (2022), Soldner et al.
(2000), Summerfield et al. (2007), Thiel-Demby et al. (2009), Troutman
and Thakker (2003), Volpe (2004), Von Richter et al. (2009),Wang et al.
(2005), Yamashita et al. (2000), Yazdanian et al. (1998), Yee (1997),
Young et al. (2006), Yu and Zeng (2010), Zhang et al. (2022) and Zhao
et al. (2009)). The selection is by no means exhaustive. If a compound
was stated in several references, the crucial reference for evaluation of
Py is listed in Table S2-2.

2.4. Aqueous boundary layers

To extract intrinsic permeabilities from apparent permeabilities, the
influence of the ABL has to be excluded, otherwise Py might be under-
estimated by several orders of magnitude. We used compounds with
very high intrinsic permeabilities as markers for ABL permeability, such
as testosterone, antipyrine and caffeine (for a full list see Table S1-1 in
Section S1-1 in the Supporting Material 1). Neutral markers could reli-
ably be used to extract the total size of the ABL. Yet, if pH differences
between the compartments are present, the permeation through the ABL
in the acceptor compartment becomes pH-dependent, so the determi-
nation of the individual ABL sizes was necessary. lonic compounds of
high permeability such as propranolol, metoprolol or naproxen were
used to determine the thickness of apical and basolateral ABL
individually.

Typical markers for membrane permeability were not available for
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all references. If reported P,,, were only in the paracellular range,
knowledge of the ABL was not possible, but also not necessary for the
evaluation. If a reference with similar experimental setup was available,
e.g. 12 well, 450 rpm, and the compounds of highest P,p, were well
matched with the reference’s P,p,, the ABLs of both references were
assumed equal for our evaluation.

If there was no experimental uncertainty, any P,p, slightly lower
than the respective limiting Pap;, could in theory be used to calculate Py
considering the influence of the aqueous layers (apical ABL, cytosol,
filter, basolateral ABL). In reality, there is a significant variance between
measurements considered as identical and also uncertainties in the
determined ABL sizes, which makes it difficult to distinguish between a
Papp which is slightly or completely limited by aqueous layers. We thus
introduce Pjyfinite, Which refers to the expected permeability if Py is
assumed infinite, and thus represents the resistance posed by the
aqueous layers alone (ABL, cytosol, filter). Here, any Papp less than a
factor of 2 below Pjyfinite was deemed to be limited by the ABL. In that
case, no Py could be extracted, and only a lower limit of Py could be
determined. Pjpfnite Was calculated according to Eq. (S1-1) (Section S1-
2) using the extracted ABL size of the respective reference.

2.5. Paracellular transport

To extract intrinsic permeabilities from apparent permeabilities, the
influence of paracellular transport has to be excluded, otherwise Py
might be overestimated by several orders of magnitude. We used com-
pounds with very low permeabilities as markers for paracellular trans-
port, such as acyclovir, mannitol and sumatriptan (for a full list see
Table S1-2 in Section S1-3). Typical markers for paracellular transport
were not available for all references. If all P,p, values reported in a
reference were only in the high permeability range, it was not possible to
obtain knowledge of the paracellular transport, but also not necessary
for the evaluation.

To assess the influence of paracellular transport, compound specific
paracellular transport was calculated with the corrected Avdeef method
for a typical cell assay as described in Bittermann and Goss (2017).
Experimental Pp,r, of marker compounds were compared to the calcu-
lated values, and the mean of the quotient from experimental and
calculated values was included in the calculation of Py, as a reference
specific factor. All calculated Pp,r, were multiplied with this reference
specific factor to approximate a reference specific Pyara. These Pp,r, were
then used to assess whether a Py, is limited by paracellular transport, or
used for the calculation of Pg from Pyp,p. Here, Py, less than a factor of 2
above the predicted Pp,r, was deemed limited by paracellular transport.
If no reference specific Pp,r, could be determined, a factor of 1 was used
for the calculations.

Although P, can be predicted and possibly adapted to individual
laboratories, these predictions are not as reliable as measurements over
several pH values. But one has to keep in mind that differences in par-
acellular transport between the charged and uncharged species alone
can lead to pH-dependencies (Avdeef, 2010).

2.6. Extraction of Py

Eq. (3) was used to extract Py from Pgp, values, considering the
determined setup specific ABL sizes, and the calculated compound and
setup specific Pp,ra. In case of more than two pH-dependent Py, values
from one reference for one compound, the fit was done in Igor Pro 7
(WaveMetrics Inc., Lake Oswego, USA), in case of less data points, for
simplicity the Excel Solver add-in program was used to extract Py. To
generate lower limits that consider a possible false estimation of the ABL
size, Pg values were calculated in the case of an insubstantial contribu-
tion of Papy, using Eq. (S1-2). To generate upper limits that consider a
possible false estimation of Pp,ra, Po values were calculated in case of an
insubstantial contribution of Pp,r, using Eq. (S1-3). If possible, all three
values (Py, upper limit, lower limit) were determined for each
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compound, and are stated in Table S2-2. ABL size could not be consid-
ered in the calculations when P, exceeded Pjnfinite, in that case it was
only possible to generate lower limits for Pg. Ppara could not be consid-
ered in the calculations when the calculated Pp,r, exceeded Papp, in that
case it was only possible to generate upper limits for Py.

2.7. Recovery: 3-compartment model

To check the Py, of likely ABL-limited compounds for recovery is-
sues, we here propose the use of a 3 compartment model for reversible
first-order kinetics (Larisch and Goss, 2017), see Fig. 2.

Back- and forward-diffusion between three different compartments
(apical, cell monolayer, basolateral) of different volumes is described by
the rate constants k. For ABL-limited compounds, the rate constants
represent the diffusion across the ABL and the respective membrane. To
account for the increased sorption capacity of the cell monolayer, the
volume of the cell monolayer is adapted to also represent sorption to
lipids and proteins, see more details in Section S1-4 and Table S1-3. The
output of the model are the concentrations within the single compart-
ments over time. From the mass balance at the end of the simulated time,
recovery can be determined. In principle, the model can also be used to
check if sink conditions are fulfilled.

2.8. Proton flux limitation

Both the neutral and charged fraction can permeate the ABL, which
makes pH-dependent measurements advantageous. With decreased
neutral fraction, the resistance for membrane permeation increases, yet
ideally the resistance for the diffusion through the ABL remains con-
stant. This assumes that there is no proton flux limitation: When a
compound crosses the ABL in its charged form, it either has to pick up a
proton (acid) or discard a proton (base) to be able to cross the membrane
in its neutral state. These protons need to cross the ABL, either freely
dissolved or carried by buffer molecules. If this process becomes
limiting, for example in poorly buffered systems or at high compound
concentration, pH gradients will develop within the ABL, which may
ultimately affect membrane permeation. To estimate this effect, we used
the model of Antonenko et al. (1993, 1997). For specific buffer and
compound concentrations, specific pH values, ABL-size and the com-
pound’s membrane permeability, the model will give the pH and com-
pound gradients across the ABL, as well as the resulting Ppp. The model
has been validated for measurements in BLM, but has so far not been
used in Caco-2/MDCK assays.

To adapt the model to our application, the equations were adapted to
reflect asymmetric ABLs as is usual in Caco-2/MDCK assays (Dahley
et al., 2023; Korjamo et al., 2008). Also, a higher number of buffers was
introduced into the model, to account for typical incubation media such
as Hank’s balanced salt solution (HBSS), see Table S1-4. Detailed
changes to the equations can be found in Section S1-5.

The model was created to simulate the pH across one single mem-
brane. Since the apical membrane is assumed to have a larger surface
area than the basolateral membrane by a factor of about 24 (Palay and
Karlin, 1959), the cell monolayer is still well approximated by a single
membrane if cytosolic resistance can be neglected. Paracellular effects
play no role, because proton flux limitations only affect hydrophobic

k1,2 N k2,3

1 2 3

l <

k2,1 k3,2

Fig. 2. Three-compartment system with first-order back-and-forth kinetics. 1,
apical compartment; 2, cell monolayer; 3, basolateral compartment. With
diffusive rate constants k.

A 4
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compounds that are ABL-limited.

2.9. Correction for non-sink conditions

Mathematical corrections for P,p, measured under non-sink condi-
tions can already be found in literature (Tran et al., 2004; Wohnsland
and Faller, 2001), but most equations do not consider possible pH dif-
ferences across the cell monolayer, even though these are quite com-
mon. If the neutral fraction in the basolateral compartment exceeds the
neutral fraction in the apical compartment, the apparent permeability in
b to a direction will be higher than in a to b direction (without even
considering possible active transport)(Neuhoff et al., 2005), and thus a
relevant backflow will be reached at lower concentrations in the

P o oxp (1=318)

European Journal of Pharmaceutical Sciences 194 (2024) 106699

basolateral compartment. Considering the pH difference between donor
and acceptor compartment, the apparent permeability can be corrected
via

VoV
_ Axt
Py = — *In

(VD * ;:;Z + VR>

where, Vp and Vy are the volume of the donor and acceptor compart-
ment respectively, cg is the concentration in the acceptor compartment
after incubation time t, A is the filter area, cpg is the initial donor
concentration, and f, r and f, p are the compound’s neutral fraction in

Vi # 22 4 V
1—cp* | —2—— (8)

cpo * Vp

Paracellular transport
v no »I maximum P, extracted
T (n=51)
Papew > 2" Praaeae [ (,223) | Active efflux reported?
! Active transport
yes »| maximum P, extracted
(n=2)
yes
(n=265)
ABL limited transport
no »| minimum P, extracted
v T (n=158)
Papero < 05 * Piniecae [ (nﬂgg) -»| Active uptake reported?
! Active transport
yes > no P, extractable
yes (n=1)
(n=106)
\ 4
) Active transport
Active uptake reported? [—| yes »| maximum P, extracted
(n=2)
I
no
(n=104)
_ Active transport
Active efflux reported? |— vyes »{ minimum P, extracted
(n=1)
|
no
(n=101)
Recovery issues
log Dy, > 3 — yes »{ minimum P, extracted
(n=26)
Transcellular transport
no > P, extracted

(n=77)

Fig. 3. Decision tree for the extraction of Py from published Pqpp. Six compounds were added in the category recovery issues although they did not fulfill the log Dy;p,

w>3 criterium, see section recovery for more details.
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the acceptor and donor compartment respectively.
Eq. (8) is derived from the differential equation:
dditk = % * (Cn *fap — CR *fn.R) (C)]
It assumes that only the neutral species can permeate the cell
monolayer. Note that the correction from Eq. (8) is only valid in the
range of high transcellular permeability. If paracellular transport dom-
inates, both the neutral and charged species can permeate the cell
monolayer, nullifying our assumption for the differential Eq. (9).
Active transport might also lead to relevant backflow, but is not
considered here. For a more sophisticated sink correction under applied
pH differences, see Eq. (A7.28a) in Avdeef (2012).

3. Results and discussion
3.1. Extracted Py

In total, we collected P,pp, values measured in Caco-2 or MDCK cells
for 395 different compounds, from 59 references. Of these compounds, 5
permanent ions and 72 zwitterions were not considered in this work,
because zwitterions will require a different evaluation approach. The
remaining 318 compounds were analyzed according the decision tree
depicted in Fig. 3 (For more details, see the methods section). Intrinsic
membrane permeabilities for 77 compounds could be extracted, the
resulting Py are listed in Table 1. For 55 compounds, only an upper limit
of Py could be extracted, since P, could not be discerned from para-
cellular transport (51 compounds), or the compounds showed active
transport (4 compounds). For 185 compounds, only a lower limit could
be extracted for Py, since transport was either not distinguishable from
ABL-limited transport (158 compounds), dominated by active efflux (1
compound), or dominated by recovery issues (26 compounds). For one
compound, d-phenylalanyl-l-proline, no Py limit could be extracted,
because active uptake resulted in an ABL-limited Py, and a distinction
between upper and lower limit was thus not possible. A list of all Py
limits can be found in the Tables S1-5 and S1-6 in Section S1-6. See
Tables S2-1, S2-2 and S2-3 for a more detailed list containing chemical
properties and all extracted Py values.

3.2. Reliability of extracted Py

Note that due to uncertainties in the estimation of Papy, and Ppara, and
the determination of P,,,, only the Py, values not exceeding half of
Pinfinite and exceeding Ppara by more than a factor of 2 were considered
for the extraction of Py. This conservative approach, which may fail to
detect some membrane permeabilities that could after all be extracted,
was implemented to extract a consistent and reliable data set of Py. In
order to further categorize the reliability, extracted Py were either
marked as category 1 if there were no obvious problems in the evalua-
tion, or category 2 if evaluation was problematic. Possible reasons for
problematic evaluation were: known active transport in absence of in-
hibitor (e.g. bosentan); inexplicable contradictions between different
references (e.g. digoxin, see Fig. S1-1a in Section S1-7), or even within
different measurements in one reference; inexplicable pH-dependence
(e.g. terazosin, see Fig. S1-1b); uncertain pK, (e.g. guanoxan); substan-
tial metabolism (e.g. zidovudine). For apparent permeabilities measured
without the use of inhibitor or without the measurement of both “apical
to basolateral” and “basolateral to apical” direction, the risk of under-
estimating (in case of active efflux) or overestimating (in case of active
uptake) Py is increased. Thus, for the reliability categorization, the
category (1 or 2) is followed by the additional descriptors “a” for when
inhibitor was used, no efflux ratio was measured or both, or “b” in the
absence of any inhibitor. Small uncertainties in Py will always remain,
since differences due to different cell lines may be possible (Lea, 2015).
When comparing very reliable P, values from different references, we
still observed an unexplained difference of up to a factor of about 5, for
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Table 1

Extracted intrinsic membrane permeabilities Py: Compound name, extracted
intrinsic membrane permeability Py, and categorized reliability of the extracted
Py, Py extracted by Avdeef".

Compound name log Py in cm/sge. Reliability”  log Py in cm/
evaluated SAvdeef
acebutolol —4.15 la -4.19
acetaminophen —4.35 1b —4.34
acetylsalicylic acid -1.35 1b -1.53
alfuzosin —4.22 la —4.27
amantadine -0.82 la —2.17¢
amrinone —4.85 1b n.d.
atenolol —4.38 1b —4.34
atropine —1.85 1b n.d.
azithromycin —2.72 2a n.d.
belinostat —5.17 1b n.d.
benzylpenicillin —2.95 1b n.d.
bosentan —4.53 2b n.d.
bremazocine —2.40 la —2.86
chloramphenicol —4.14 la —4.47
chloroquine 0.05 la —1.18¢
cimetidine —6.13 la —6.06
creatinine -6.27 la -5.9
cyclosporin -5.18 la —5.24
cymarin —5.55 1b n.d.
dexamethasone —4.14 2b —4.65
diclofenac 0.54 la —-1.07c
digoxin —4.87 2a —5.43
dipyridamole —4.56 la —3.86
disopyramide —2.07 1b n.d.
dopamine -3.13 1b n.d.
ephedrine —2.85 la -2.91
etoposide —6.66 la -6.11
famciclovir —4.78 la -4.79
fluconazole —4.28 la n.d.
fluvastatin -1.88 la -1.33
fosinopril —2.87 1b n.d.
furosemide —2.32 2b —3.5°
glibenclamide —2.37 la n.d.
glipizide —2.26 2b —2.47
guanfacine —4.72 la —4.73
guanoxan 0.31 2b n.d.
hydrochlorothiazide  —6.48 1b —6.32
hydrocortisone —4.37 1b —4.63
ketoprofen —0.90 2b -1.23
meprobamate —4.31 la —4.94
methylprednisolone —4.46 1b —4.63
metolazone —5.43 2b n.d.
metoprolol —1.40 la -1.85
minoxidil —-5.82 la —5.68
morphine —4.33 la —4.55
nadolol —5.16 1b —4.47
nalbuphine -3.28 la -3.3
naproxen —0.45 la —0.95
pemirolast —2.86 la n.d.
pindolol -1.83 la -2.22
prednisolone —4.98 1b n.d.
propylthiouracil —4.14 1b —3.76
quinidine —2.02 la —3.31c
ranitidine —5.51 la -5.27
rizatriptan -3.69 la —4.18
Salicylic acid —0.20 la —0.43
scopolamine —3.22 la —4.57¢
semagacestat —5.38 1b n.d.
sotrastaurin —4.18 1b n.d.
sulfadiazine -3.97 la n.d.
sulindac -1.98 1b n.d.
talinolol —4.05 la n.d.
terazosin —4.71 2b n.d.
theophylline —3.96 la —4.17
tiacrilast —2.01 2b n.d.
tolbutamide —1.84 la n.d.
triamterene —4.59 la n.d.
trimethoprim —3.92 1b -3.95
uracil —5.31 1b n.d.
urapidil —4.24 1b n.d.
urea —5.40 la n.d.

(continued on next page)
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Table 1 (continued)

Compound name log Py in cm/sge.- Reliability" log Py in cm/
evaluated SAvdeef
valproic acid —2.15 2b n.d.
venlafaxine —-0.82 la —2.84c
vinblastine —4.27 la —4.5
zidovudine (AZT) —3.94 2a —4.97¢
zolmitriptan —3.85 2a —4.26
zomepirac -1.18 1b -1.51

! Table 8.6 in Avdeef (2012).

b As described in the section “Reliability of extracted Py, «.

¢ Differs by more than one log unit from our re-evaluated value that was based
on new experimental data.

example in the case of salicylic acid.

3.3. Comparison to Py from literature

The list of 195 Py values (143 non-zwitterionic compounds) extrac-
ted by Avdeef (2012) is to our knowledge the most extensive list of
intrinsic membrane permeability published so far. All 143
non-zwitterionic compounds were part of our extended dataset of 318
compounds. Yet, despite our extended dataset we extracted a much
lower number, namely 77 Py values. Of these, 29 were not included in
the original list of Avdeef. Thus, we excluded 95 compounds for which
no reliable extraction was possible according to our criteria. This may be
surprising, considering that Avdeef had spent a lot of effort in curating
apparent permeability data from ABL effects and effects of paracellular
transport.

The following differences apply:

More recent datasets are included in the evaluation, especially such
as Dahley et al. (2023) that focused on very hydrophobic compounds
and used the iso-pH method (no pH difference) to avoid negative
concentration-shift effects.

Recently, we detected that pH differences between the aqueous
layers (ABL, cytosol, filter) can lead to concentration-shift effects
that have not been considered in the evaluation of Py before, which
can lead to the underestimation of Py by orders of magnitude
(Dahley et al., 2023). For ionizable compounds, pH-dependent
measurements thus must be re-evaluated.

If P,pp was close to the Pap;, ABL effects were often simply calculated
out by Avdeef. While this is in principle a valid approach, an un-
certainty in the determined P,p, has to be considered. A completely
ABL-limited compound might still show a P, slightly lower than the
expected Pinfinite, Simply due to uncertainties in the measurement or
the determination of the ABL size. In that case, Py cannot be
extracted. We do not know which factor Avdeef applied to discard a
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P,pp value as limited by ABL effects, but our factor of 2 seems to be
much more conservative.
In our assumption, Avdeef used fixed P, values to draw the limit for
PaL Or Ppara of a specific reference to exclude Pypp, from evaluation.
We use model predictions of Piyfinite and Ppara that consider the in-
dividual diffusion coefficient of each compound, as well as
concentration-shift effects in the presence of pH differences between
aqueous layers.
Typically, if a pH-dependence of a compound’s Py, is detected, this
is seen as a clear indication of a substantial contribution of trans-
cellular transport. In our work, pH-dependence is analyzed for other
possible reasons, such as concentration-shift effects or pH-dependent
paracellular transport.
e We exclude some compounds for possible recovery issues, on the
basis of our modeling.

Most of our extracted P, values did not change substantially when
compared to the list of Avdeef, see Fig. 4a. All re-evaluated P, values
that differ more than one log unit from the P values extracted by Avdeef
are the consequence of new experimental data. Furthermore, for the
compounds excluded from evaluation (e.g. due to limitations by the ABL
or paracellular transport) the Py limits are quite similar to the Pg
extracted by Avdeef, see Fig. 4b and c. The difference in our data sets is
thus less in the values of extracted Py, but more in the stricter exclusion
of compounds where Py, was not extractable. In the following para-
graphs, we will go more into detail which measures were applied for this
exclusion.

3.4. Exclusion criteria

A reliable Py could only be extracted for about 25 % of evaluated
compounds. In this section, we will shed light on the applied exclusion
criteria.

3.4.1. Limitation by ABL

For about 50 % of the analyzed data the extraction of Py was not
possible because Py, could not be distinguished from the permeability
expected if permeation was dominated by ABL effects, here called Pj,-
finite- What makes the exclusion of ABL effects problematic is that

(i) Different experimental setups or even cell lines will result in
different ABL sizes. For the evaluation these sizes must be known. We
therefore extracted the ABL sizes of all evaluated references to the
best of our knowledge, see Table S1-1. If possible, the fit was done
with several ABL markers, to minimize the influence of experimental
variations. Extracted total ABL sizes ranged from 100 to 4300 um.
Fig. S1-2a-c in Section S1-8 elucidates how different ABL sizes may
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affect the P,,, for neutral compounds, using antipyrine as an
example. Our resulting ABL sizes in case of iso-pH measurements are
quite similar to the ones extracted and stated by Avdeef (2012):
Yazdanian et al. (1998): own 2691 pm — Avdeef 3000 pm; Irvine
et al. (1999): own 568 um — Avdeef 600 um; Mahar Doan et al.
(2002): own 1446 um - Avdeef 1500 um. We can thus not explain
why some obviously ABL-limited compounds measured by von
Richter et al. (2009) were not removed from the P dataset. Even the
compound with the highest experimental P,pp, midazolam, was not
excluded due to ABL-limitation.

(ii) Differences in the diffusion coefficient of molecules of different
size may not be extreme, but for a molecule of MW 100 and MW 500,
the predicted diffusion coefficients (Avdeef et al., 2005) differ by
more than a factor of 2, which is as high as our exclusion criterium.
The individual diffusion coefficients should thus not be neglected.
For example in the dataset of von Richter et al. (2009), ritonavir
(MW=721 g/mol) and guanabenz (MW=231 g/mol) differ by the
same factor (1.2) from the respective Pipfinite, Our marker of
ABL-limitation. However, the P,,, values of the two ABL-limited
compounds differ by a factor of 1.5, with the bigger molecule
showing slower Py, as expected.

(iii) Concentration-shift effects may decrease the resistance of the
ABL. For example in the case of weak acids if the pH in the apical
compartment is lower than in the basolateral compartment, a setup
that is typically used to mimic the intestine. If concentration-shift
effects are not considered in the extraction the ABL size, this can
lead to a considerable underestimation of the ABL size. In the case of
salicylic acid (Neuhoff et al., 2005) the ABL size would have been
underestimated by a factor of 3 if concentration-shift effects were not
considered (Dahley et al., 2023). If such an underestimated ABL size
(or the corresponding Py, of the acid) is applied as a threshold to
detect ABL-limitation, many limitations will remain undetected,
especially for bases where a negative concentration-shift (and thus
an even lower P,,;,) is expected. For example, in Lee et al. (2005) a
maximum log P,p, measured for the acid isoxicam of —3.96 and a
maximum of —4.4 for the neutral antipyrine and —4.45 for the base
clonidine might indicate, at first glance, that only the acid was
limited by ABL effects. In reality, all three are dominated by ABL
effects, which is well described by our model (Eq. (3)). The difference
in P,pp can simply be explained by a positive concentration-shift
effect in the basolateral ABL(+filter) for the acid due to the pH dif-
ference (6.5 to 7.4) between the apical and basolateral compartment.
For the evaluation of P,p, measured under pH differences, it is thus
important to know the individual sizes of the apical and basolateral
ABL. Extracted individual ABL sizes can be seen in Table S1-1.
Fig. S1-2d-i elucidates how different ABL sizes may affect the Py, for
ionizable compounds, such as the acid naproxen and the base
alprenolol.

(iv) The concentration-shift is also problematic in so far that for
ionizable compounds it can lead to a significant pH-dependence of
Papp, €ven when Py, is dominated by the diffusion through the
aqueous layers. ABL effects might thus mimic a typical P, curve
expected for P,p, determined by transcellular transport, as is the case
with verapamil (Dahley et al., 2023). The widespread assumption
that a pH-dependence of P, indicates a substantial contribution of
Py is thus problematic for ionizable compounds measured at pH
differences, such as ibuprofen in Lee et al. (2005) (see Section S1-9
for the modeled Pgpp), or extremely hydrophobic compounds that
may even be limited by the diffusion through the cytosol, such as
propranolol (Dahley et al., 2023), even in the absence of applied pH
differences between both compartments. Nevertheless, if the iso-pH
method is used, a change in experimental pH may still be useful to
extract Py. For example, in the case of quinidine, the measurements
at pH 7.4 could not be distinguished from the ABL, but a measure-
ment at pH 6 allowed for the extraction of Py, see Fig. S1-3.
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3.4.2. Limitations by Pparq

For about 16 % of the analyzed data the extraction of Py was not
possible because P, could not be discerned from Pp,r,. Paracellular
transport will depend on the cell type, the experimental setup, and will
be compound specific. Thus, while we predicted Py, for a typical cell
assay, reference specific factors were determined (see detailed definition
in Section 2.5 in methods), and are listed in Table S1-2. The determined
reference specific factors ranged from 0.08 (very tight junctions)
(Yamashita et al., 2000) to 1.39 (Von Richter et al., 2009). If appropriate
pH-dependent measurements were available, a fit was used to determine
a compound specific experimental Pp,r,. For less hydrophobic com-
pounds, P, will in some setups get lost in Pp,r,, while for other setups
with tighter junctions, a clear Py might be extractable, see the example
of cimetidine in Fig. S1-4 in Section S1-10.

3.4.3. Recovery issues

Recovery issues are most relevant for hydrophobic compounds that
strongly sorb to matrices such as lipid or protein. Unfortunately, most
references do not state compound specific recovery values, or often do
not even mention recovery at all. Then, no correction via Eq. (2) is
possible. Moreover, since most hydrophobic compounds have high
membrane permeabilities (Bittermann and Goss, 2017), their perme-
ation is in most cases limited by the diffusion through the ABL. If now
the donor compartment is not in steady state with the cells/cytosol, the
correction via Eq. (2) will fail. An extreme thought experiment: if the
apical compartment was infinitely large, the recovery would be near
100 %, even when retention would reduce Pap, substantially. In a less
extreme version this can be seen for the example of felodipine (Neuhoff
et al., 2007): for this experimental setup we would expect a log Py, of
—3.97 if we assume that the ABL dominates permeation. Yet, log Papp
values of —4.70 and —4.65 have been measured for the apical to baso-
lateral direction and the basolateral to apical direction, respectively.
With recoveries of 48 % and 70 %, the respective corrected values would
be —4.38 and —4.50. These P,p, values would be categorized as mem-
brane limited in our system, since they differ by more than a factor of 2
from the ABL-limited P,;,. However, measurements with added albumin
clearly show that the compound is ABL-limited. We simulated the
experiment with our 3-compartment model. Using predicted partition
coefficients for the compounds binding to lipid and protein, we had to
increase the total sorption by an artificial factor of 2 to get similar re-
coveries (39 % and 82 %, respectively). Our model thus reproduced the
direction-dependent recovery, a phenomenon that was also reported in
Heikkinen et al. (2009). A small deviation is not surprising, and might be
a consequence of using typical MDCK lipid/protein content in the
calculation, while Caco-2 cells were used in the experiment. It could also
stem from simple variations in lipid/protein content, or errors in the
prediction of the partition coefficients. As can be seen in Fig. S1-5e in
Section S1-11, steady state between the donor compartment and the
cytosol is not reached within the whole experimental duration for the b
to a direction, which explains the higher recovery than in the a to b
direction, where steady state is reached before the end of the experi-
ment, see Fig. S1-5b. Interestingly, we found that the addition of bovine
serum albumin (BSA) in the receiver compartment not only serves to
maintain sink conditions (a well-known phenomenon) (Neuhoff et al.,
2007), but our results indicate that compound bound to BSA also helped
overcome the ABL in the receiver compartment by so-called facilitated
transport (Larisch and Goss, 2018). Simply increasing the receiver vol-
ume in the model to simulate perfect sink conditions only slightly
changed modeled log Papp (from —4.58 to —4.55 for a to b, and —4.49 to
—4.31 for b to a), because the concentrations retained in the cytosol did
not change substantially, see Fig. S1-6. Additionally, assuming effective
facilitated transport (calculating the ABL permeability in the receiver
compartment increased by a factor of 20 due to facilitated transport)
restored nearly 100 % recovery and increased log P,,, to —3.7 and —3.9,
respectively. The cytosolic concentration was reduced substantially, see
Fig. S1-7. These permeability values are even slightly higher than would
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be expected if no BSA was added and if there was no retention in the
cells, and the modeled values are quite similar to the experimental log
Papp of —3.8 measured with BSA. This indeed indicates that the receiver
ABL might be overcome by the compound bound to BSA as well as by the
freely dissolved compound.

Unfortunately, in literature details necessary to simulate retention
are often not stated (such as sampled volume at each timepoint,
experimental recovery to validate simulation). Often we do not know
the exact relation of the ABL size of the basolateral and apical
compartment, there remain strong uncertainties in cell lipid/protein
content, other sorption matrixes may be relevant, and the predictions of
partition coefficients remain uncertain, with typical errors of about 1 log
unit (Ulrich et al., 2021). For ionizable compounds, ideally the indi-
vidual ABL sizes should be known to calculate the concentration-shift
effects. An exact evaluation of all literature values for retention is thus
not possible.

If we simulate P,p, and the recovery for a fictive neutral compound of
350 g/mol limited by ABL permeability, and systematically vary Kiip/w,
then P,,, and recovery decrease with increasing Kijjp,w, substantially so
above log Kjip/w 3, see Fig. 5a. In that range, also the Py, values cor-
rected for recovery differ from the expected value, and the correction
fails more strongly, the higher Kyjp/w. For Fig. 5a, which was modeled
with the ABL used for felodipine in the last section, this corresponds
roughly to a recovery of 80 % at log Kijp/w 3.

Furthermore, the size of the ABL influences this effect: If the total
ABL size is increased, P,p, decreases even more with Ky, w, and the
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Proton-flux limitation
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Fig. 6. Modeled P.,, using the adapted model for proton flux limitation,
plotted against the applied donor concentration in the apical compartment.
Experimental data taken from Neuhoff et al., Fig. 6 (Neuhoff et al., 2005).
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corrected Pyp, values differ more profoundly from the expected value
than for the smaller ABL (compare Fig. 5a and b). At the same time, the
modeled recovery is higher. Not only the total ABL size is relevant, but
its distribution between apical and basolateral compartment: The
thicker the apical ABL, the higher the modeled recovery (compare
Fig. 5b—d). This may seem counter-intuitive, but the higher recovery
does not allow for a better corrected P,pp. It is only a consequence of the
apical compartment not being in equilibrium with the cytosol. Thus,
smaller ABL do not only seem advantageous to avoid ABL-limitations,
but also to avoid recovery issues.

Compounds with log Dyjjpw > 3 (either predicted using COSMOmic
(Bittermann et al., 2014) or LSERD (Ulrich et al., 2017), see Tables S1-5
and S2-3) that were not clearly ABL-limited according to their Py, were
thus assigned a special category “recovery”, and assigned a greater than
value, since it is extremely likely that recovery effects masked their
ABL-limitation. Note that this is only a crude estimation, since Dj;p/w was
simply calculated for pH 7.4, not accounting for potential pH differences
and concentration-shift effects for ionizable compounds, ion-trapping
effects in organelles such as lysosomes (Heikkinen et al., 2009),
different experimental setups and cell lines. Yet overall, only 14 (quite
hydrophobic) compounds were excluded due to the simplistic threshold.
The Pgpp of seven compounds that were categorized as dominated by
paracellular transport might potentially be limited by recovery issues as
well, their upper limit might thus be severely underestimated.

For one reference (Summerfield et al. (2007), where extremely hy-
drophobic compounds were measured, we suspect strong issues with
recovery, which might have been masked by the apical compartment not
being in equilibrium with the cytosol. Although we were able to deter-
mine the ABL size from standard markers, ABL-limited Py, could not be
reliably detected with our usual limit of P, less than a factor 2 below
Pinfinite. NOt considering zwitterions or paracellular dominated com-
pounds, there were 17 overlapping compounds with measurements from
other references( Aungst et al. (2000), Dahley et al. (2023), Irvine et al.
(1999), Mahar Doan et al. (2002) and Von Richter et al. (2009)), that
should clearly be ABL-limited in the setup of Summerfield according to
the other literature values. Yet, 10 of the 17 respective Py, are more
than a factor of 2 below the expected ABL-limited Pypp, and would thus
be classified incorrectly with our decision criterium. All P,,, of this
reference could thus only be used to extract minimal Py, since ABL in-
fluences could not reliably be  excluded (category:
summerfield-recovery). Only the Py, values of 6 compounds could not
be excluded by our conventional recovery threshold and were excluded
based on their source.

3.4.4. Bidirectional transport

In case of active transport, P,,, values measured in opposite direc-
tion (a to b and b to a) will differ. Usually, efflux ratios (ER; PZ;p" /P‘a’;;l’,b)
of at least 1.5 (Schwab et al., 2003) or 2 (Bokulic et al., 2022) have been
used to identify active transport. For ionizable compounds, pH differ-
ences can also lead to significant efflux ratios, even in the absence of
active transport, an effect reported already by Neuhoff et al. (2005) as
passive efflux, see Section S1-12.

It has often been attempted to extract the “real” P,,, from Py,
dominated by active transport by taking the mean of both values. In this
study, we refrain from doing so, for various reasons: The correction does
not consider that (i) one or both values might be limited by ABL or
paracellular transport, that (ii) there may be transport through both the
apical and basolateral membrane, that (iii) there may be a surface area
difference between both membranes due to microvilli, that (iv) there
may be a possible influence of the cytosol, and that (v) the difference
might be a consequence of sink or recovery issues.

Most problematic is the potential limitation by ABL or Pp,p,: If for
example Papp in a to b direction is limited by Ppara, there is no way to
extract P from the mean, since the compound may be transported in b to
a direction solely by active transport. Take the permanent ion

10
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rhodamine 123 as an example. Although its Py is insubstantial, there is
still a substantial flux in b to a direction (Troutman and Thakker, 2003).
The Py, values in a to b direction for lamivudine (De Souza et al., 2009)
and vincristine (Garberg et al., 2005) did not exceed Ppara, an extraction
of Py was thus not possible. Taking the mean would lead to an incorrect,
overestimated Py value. In contrast, if P, was ABL-limited, taking the
mean would underestimate Py.

3.4.5. Proton flux limitation

Although a potential proton flux limitation affecting the P, of ABL-
limited weak acids or bases has been discussed in the biophysicist
community (Antonenko et al., 1997, 1993), in Caco-2/MDCK experi-
ments it is usually just assumed that the buffer concentrations in the
incubation medium are high enough to keep the pH stable, also within
the ABL adjacent to the membrane. Here, we set out to assess whether
this assumption is true. As a first step, we validated the adjusted model
(asymmetric ABL, additional buffers, see Methods for details on the
adjustments) by simulating the effect of increasing compound concen-
tration (0.025-33 mM) on P,,, measured for salicylic acid by Neuhoff
et al. (2005) across a Caco-2 monolayer, see Fig. 7.

The model matches the experimental data well. Slight deviations in
the low concentration range can be explained by active transport
observed by the experimenters. There is no fit involved, the decrease in
Papp simply results from the model, with the proton transport calculated
for the buffer HBSS used in the experiment, see Table S1-4 for the used
input parameters.

Although the model does not account for the cytosol, this of no
consequence for salicylic acid here due to the positive concentration-
shift effect within the cytosol, which further reduces the resistance of
the cytosol. Although cytosolic effects may play a role in other scenarios,
this would only reduce the effect of proton limitations, so the model
depicts the worst-case scenario.

Fig. 7 shows the resulting pH gradients across the ABL. Up to 0.1 mM,
the buffer capacity suffices to keep the pH stable. Fig. S1-8 in Section S1-
13 additionally shows the resulting weak acid gradients.

We used the model to simulate typical pH gradients 7.4/7.4 and 6.5/
7.4 for typical weak acids and bases (salicylic acid and amantadine), and
also varied ABL sizes, pK, and membrane permeability for generic
compounds (data not shown). In no case were there any limitations as
long the concentrations were kept below 100 pM, which is the case for
almost all measurements from literature we analyzed.

Hayeshi et al. (2006) used concentrations up to 500 uM, but neither
did the experimental P, decrease with increasing concentration, nor
did our model show a limiting effect due to proton flux limitation for

apical basolateral
75— ABL membrane ABL
7.0+
657 — - 0.025mM
I — 0.1 mM
e 60 ----0.5mM
— 1mM
5.5 — 10mM
— 20 mM
50 —c V|
T T T T T T
-100 0 100 200 300 400

Distance from membrane in um

Fig. 7. Resulting pH gradients across the apical and basolateral ABL for sali-
cylic acid at various donor (apical) compound concentrations. The black ver-
tical line represents the membrane, negative values represent the distance from
the membrane in the apical ABL, positive values the distance in the basolateral
ABL. Bulk apical pH was 5, bulk basolateral pH was 7.4.
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genistein or quercetin.

We conclude that for the extraction of Py, the effect of proton flux
limitation played no role in this work. Yet, it is common to saturate
active transport with high compound concentrations, so one should keep
in mind that such effects might occur when selecting the donor con-
centrations and buffer composition.

3.4.6. Sink conditions

We randomly checked the fastest compounds of different references
for sink conditions. In no case did we find Py, changing by more than a
factor of 2 when correcting for missing sink conditions, in most cases
sink conditions were fulfilled. We did thus not correct for sink condi-
tions, and no Pyp, values were excluded for that reason. But one refer-
ence (Thiel-Demby et al. (2009) used the standard correction for sink
conditions as described by Tran et al. (2004) that does not consider pH
differences across the cell layer, although a pH difference of pH 5.5 to pH
7.4 was applied. For ionizable compounds, the published Py, (Thiel--
Demby et al., 2009) measured with pH difference thus have to be
considered with care. Since the raw data was not published, a subse-
quent correction was not possible.

4. Conclusion

In this work, we looked at potential factors that might interfere with
the extraction of Pg values from Py, values determined in Caco-2 or
MDCK assays. Limitations due to ABL and paracellular transport, as well
as recovery, turned out to be the most decisive factors. Proton flux
limitation in the ABL proved to be irrelevant under normal experimental
conditions, but our modeling underlined the importance of a well-
buffered system. Finally, only for about a quarter of the compounds
analyzed in this work could P, values reliably be extracted. Whether or
not the Py of a compound can be extracted depends mostly on the
compound itself: For high membrane permeabilities, ABL-limitations
may only be avoidable by adjusting the pH, and even then Py might
still not be extractable, as the example of verapamil shows (Dahley et al.,
2023). For low membrane permeability, P,,, might never exceed para-
cellular transport. The range, however, in which membrane perme-
ability can be extracted, can be extended by the right setup: A smaller
ABL size, tighter junctions, the use of inhibitor, or the variation of
external pH.

Our strict exclusion (factor 2) will ultimately also have excluded
some compounds for which extraction would have been possible, but
only additional experimental data can help to make a more reliable
classification. However, this was necessary to create a more reliable
dataset. In an upcoming publication, we will use this new list of reliable
Py to relate Py from Caco-2 and MDCK experiments to Py predicted by
the solubility diffusion model, a relationship that has so far remained
unclear due to a large number of incorrectly extracted Py values (Dahley
et al., 2022).
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